Abstract In this study, a high-density polyethylene (HDPE, 0.95 g/cm 3 ) surface was treated using an RF capacitive atmospheric pressure cold Ar plasma jet. By using this Ar plasma jet, a hydrophilic HDPE surface was formed during the plasma treatment. In particular, the effects of an additive gas (N2 or O2) on the HDPE surface treatment were investigated in detail. It was shown that the addition of N2 or O2 gas had an important influence on the HDPE surface treatment. Compared to pure Ar plasma treatment, a lower value of water contact angle (WCA) was obtained when a trace of N2 or O2 gas was added. It was also found that besides the quantities of active species in the plasma jet, the treatment temperature played an important role in the HDPE surface treatment. This is because surface molecular motion is not negligible when the treatment temperature is close to the melting point of the polymer.
Introduction
Non-equilibrium plasmas have been used in various fields, such as materials processing, biomedicine and plasma-enhanced chemical vapor deposition (PECVD) [1∼5] . This is due to the fact that nonequilibrium plasmas have a capability to produce chemical reactive species at a low gas temperature while maintaining high uniform reaction rates over relatively large areas. Previously, the majority of non-equilibrium plasmas were generated at a low gas pressure and vacuum operation was a necessary requirement. However, atmospheric pressure cold plasma sources have been emerging as a new tool for polymer surface treatment and metal surface cleaning, etc. Compared to low pressure plasma treatment, the cost of materials processing by using atmospheric pressure plasmas could be substantially reduced since expensive and complicated vacuum systems are unnecessary [6∼8] . Recently, a few novel atmospheric pressure discharge sources have been developed. These sources show promise to replace low pressure plasma devices for some existing applications and also various new potential applications. These sources include atmospheric pressure plasma jets, cold plasma torches, and one atmosphere uniform glow discharge plasma. All these sources produce discharges with a low gas temperature [9∼13] . In all of these atmospheric pressure plasma sources, the atmospheric pressure cold Ar plasma jet is the most promising for polymer surface treatment. It is because both the complicated vacuum system and the expensive He gas are unnecessary. In addition, compared with traditional corona plasma treatment, the efficiency and the homogeneity of Ar plasma treatment are much better. Additionally, the plasma jet is not spatially confined by electrodes, which is very attractive for treating samples with complex shapes in the afterglow zone. As is well known, high-density polyethylene (HDPE) is widely used in a variety of applications due to its good chemical resistance and high rigidity. A hydrophilic HDPE surface is highly desirable in most cases (such as adhesion, printing, etc.), however, the wettability of currently available HDPE is not good enough for many practical uses. In this study, HDPE surface treatment was performed by using an RF capacitive atmospheric pressure cold Ar plasma jet. In particular, the effects of an additive gas (N 2 or O 2 ) on the HDPE surface treatment were investigated in detail.
2 Experimental setup and methods
Plasma device
The RF capacitive plasma device used in the experiments is called APC (Atmospheric Pressure Concept) plasma, which was developed by Cresur Corporation of Japan [14] . In an APC plasma system, Ar is the main working gas. N 2 or O 2 gas is the additive gas. Both the main and the additive gases are introduced into the plasma torch through a gas inlet. The gas inlet is a pipe-shaped hole (with a diameter of 5 mm) located at the top of the plasma torch. The inner diameter of the plasma torch is 25 mm. Two parallel perforated aluminum electrodes are installed in the plasma torch. The diameter of the perforated holes is 1.3 mm, and the distance between the holes is 3.2 mm. These perforated holes serve as the gas outlet. A ceramic is used as an insulator between the two electrodes, and the gap spacing between them is 1.5 mm. The inner electrode is connected to an RF power source (at a frequency of 27.12 MHz) through an impedance matching box, and the outer electrode is grounded. The schematic of the plasma torch is shown in Fig. 1 . In the discharge experiment, Ar gas was the working gas at a flow rate of 20 SLPM (standard liter per minute). RF power was maintained at 100 W without reflection. As an additive gas, a trace of N 2 or O 2 gas was added into the Ar plasma jet at a flow rate of 30 SMLPM (standard milliliter per minute), respectively. All flow rates were controlled by a mass flow controller (MFC). 
Electrical and optical measurements
The voltage applied to the discharge was measured using a 10:1 voltage probe (Tektronix P6139 10 X Passive Probe 063-0870-05), and the RF current was monitored using a wide-band current monitor manufactured by Pearson Electronics Inc., Palo Alto, California, USA. Further, a digital phosphor oscilloscope (Tektronix TDS3012C) was employed to obtain the voltage and current waveforms.
The optical emission spectrum (OES) was collected perpendicular to the jet using an Ocean Optics USB4000 spectrometer (spectral range of 350∼950 nm) with a resolution of 0.2 nm full width at half-maximum (FWHM); The OES data were achieved by using a personal computer (PC) equipped with relevant software (SpectraSuite) for both driving and acquisition. Prior to the OES measurement, the USB4000 spectrometer was calibrated using a standard halogen light source. Therefore, the absolute irradiance of the active species in the plasma was obtained. During the measurement of the optical emission spectra, the exposure time was 100 ms. Emission intensities of the active species were collected at an axial position of the plasma jet (5 mm from the end of the torch), through an optical fiber with a diameter of 100 µm. The experimental setup for electrical and optical measurements is shown in Fig. 2 . • C/2.16 kg, ASTMD 1238). The pellets were shaped into 5-mm-thick plates by a heat-molding machine at a molding temperature and pressure of 140
• C and ca. 6.5 MPa, respectively. The shaped plates were then cut into 12 mm×38 mm bars for further investigations. Finally, the samples were purified by methanol in a supersonic oscillator for 30 minutes and then dried at room temperature. During the plasma surface treatment, the samples were placed on an X − Y axial movable stage driven by software (CP-310 Tool) and then exposed to the plasma jet at a scan speed of 5 mm/s. All samples were scanned only once. The treatment distance was kept at 5 mm in the experiments.
Measurement of water contact angle
The water contact angle (WCA) was measured using a Kyowa contact angle meter. For each sample, measurements were performed at 5 different points. The WCA value was obtained by averaging the results at these five points.
XPS measurement
XPS measurement was carried out by using a Perkin Elmer ESCA 5600 machine. A Mg-Kα ray with a voltage of 15 kV and a power of 400 W was used as the X-ray source. The photoelectron take-off angle was fixed at 45
• . The pressure in the chamber was kept at less than 5.0×10 −8 Torr.
3 Results and discussion 3.1 Electrical and optical characterization of the plasma source Fig. 3 shows waveforms of the discharge voltage and the RF current in pure Ar discharge. Both the voltage and the current waveforms are smooth and nearly sinusoidal, showing the mostly linear response of the discharge. Additionally, the capacitive essence of the discharge is clearly shown as the current waveform leads the voltage waveform by about 85
• , indicating that the capacitive essence of the α-mode discharge [15] . The stable operating regime of the α-mode discharge has been observed in other studies of atmospheric pressure plasmas [16∼22] . The α-mode discharge is an abnormal glow discharge, suggesting that this RF capacitive atmospheric pressure cold Ar plasma jet is an atmospheric pressure glow discharge (APGD). Fig. 4 . The OES shows all radiant active species in the plasma jet. It can be seen that the peaks belonging to the excited Ar atoms (4p-4s transitions) are predominant in this Ar plasma jet (in the wavelength range of 690∼950 nm) [23, 24] . Additionally, the peaks belonging to the N 2 second positive system (N 2 (C 3 Π u − B 3 Π g )) and the oxygen atoms (at 777 nm) were observed. However, peaks belonging to the N 2 first negative system (N
)) were not detected. We inferred that these ions were trapped in the discharge region by a very fast polarity change (54.24 MHz) [25] . Both nitrogen and oxygen active species were detected in the pure Ar discharge because impurities (N 2 and O 2 molecules) from the Ar gas or the air are excited and dissociated. Fig.4 Typical optical emission spectrum of the Ar plasma jet measured by USB4000 spectrometer at a distance of 5 mm from the end of the torch. Discharge conditions: Ar flow rate at 20 SLPM, input RF power at 100 W On the basis of electrical and optical characterization of the plasma jet, we can conclude that this plasma jet is an APGD, and ions (such as Ar + and N + 2 etc.) are not presented in the afterglow zone. Considering all of these features, we can expect that the plasma jet is promising for applications to homogenous polymer surface treatment. It is also unlikely to cause serious surface damage (caused by the ion bombardment) during the plasma treatment. Fig. 5(a) shows changes in the WCA values of the HDPE samples treated by pure Ar, Ar/N 2 and Ar/O 2 plasmas, respectively. Compared to the untreated HDPE, the WCA value dropped dramatically and a hydrophilic surface was formed after the plasma treatment. Additionally, compared to the pure Ar plasma treatment, a lower WCA value was observed when a trace of N 2 or O 2 gas was added into the Ar plasma jet. Fig. 5(b) shows changes in the surface chemical compositions of the HDPE samples treated by pure Ar, Ar/N 2 and Ar/O 2 plasmas, respectively. Compared to the untreated HDPE, the oxygen element of the plasmatreated HDPE increased significantly, suggesting that many O-containing functional groups were introduced to the HDPE surface during the plasma treatment. These polar functional groups are responsible for the hydrophilicity enhancement of the HDPE. Additionally, the nitrogen element of all of the plasma-treated HDPE samples scarcely changed after the plasma treatment. We have proposed a mechanism for HDPE surface treatment by using Ar plasma [26] . These O-containing functional groups were formed through the direct oxidation of oxygen atoms in the plasma or through the combination of radicals and O 2 molecules in the atmosphere. Fig. 6(a) shows changes in the emission intensities of active species before and after the addition of an additive gas (N 2 or O 2 ). By following the method we mentioned in our previous paper [26] , the effective total emission intensities of Ar, Ar/N 2 and Ar/O 2 plasmas were calculated, respectively. It was shown that the effective total emission intensity decreased significantly after the N 2 addition (see Fig. 6(b) ). Based on our proposed mechanism [26] , it is inferred that it is impossible to form a larger number of O-containing functional groups during the Ar/N 2 plasma treatment. However, compared to the pure Ar plasma treatment, a lower WCA value and a higher percentage of surface oxygen elements were observed in this case. In addition, the effective total emission intensity increased significantly after the O 2 addition (see Fig. 6(b) ). Consequently, many more O-containing functional groups are expected to be generated and a much lower WCA value should be observed. However, compared to pure Ar plasma treatment, only a mildly lower WCA value and a slight increase in the percentage of surface oxygen element were obtained in this case. Therefore, we must find another explanation for these interesting results.
HDPE surface treatment
We monitored the treatment temperatures of HDPE surfaces by using a thermocouple thermometer. It was shown that the treatment temperature was 120
• C during the pure Ar plasma treatment; however, it decreased to 106
• C when a trace of N 2 gas was added. The treatment temperature decreased since many newly created ionic nitrogen active species (N + 2 (B 2 Σ + u )) were trapped in the discharge region by a very fast polarity change (54.24 MHz) [25] . In the case of Ar/O 2 plasma treatment, the treatment temperature increased slightly (123 • C). We presume that the addition of a trace of O 2 gas disturbed the plasma impedance matching, which leads to a slight increase in the plasma temperature.
It was reported that the glass transition temperature (T g ) of a polymer's surface is much lower than that of the bulk [27] . Thereby, molecular motion on a polymer surface is quite active. During the pure Ar plasma treatment, the treatment temperature is quite close to the melting point of HDPE (about 130
• C). Therefore, many surface functional groups, with a very high free energy, diffused into the bulk. In the case of Ar/N 2 plasma treatment, few surface functional groups diffused into the bulk, most of them remained on the surface since the treatment temperature is far from the melting point. In the case of Ar/O 2 plasma treatment, similar to the pure Ar plasma treatment, the treatment temperature is quite close to the melting point of HDPE. Consequently, many surface functional groups diffused into the bulk. However, many newly created O-containing functional groups were formed quickly on the surface through the direct oxidation of oxygen atoms. Therefore, in this case a lower WCA value and a higher percentage of the surface oxygen element were observed, even though many O-containing functional groups diffused into the bulk. Fig. 7 shows imaginary images of the molecular motion of surface functional groups in the above three cases. We suppose that the treatment temperature has an important effect on the depth of the plasma-treated layer. A higher treatment temperature will lead to a deeper plasma-treated layer because more surface functional groups diffuse into the bulk of polymer at a higher treatment temperature. We plan to study in detail the relationship between the treatment temperature and the depth of the plasmatreated layer in the very near future. 
Conclusion
In this study, a high-density polyethylene (HDPE, 5-mm-thick, 0.95 g/cm 3 ) surface was treated using an RF capacitive atmospheric pressure cold Ar plasma jet. Through electrical and optical characterization, it was found that this plasma jet is an atmospheric pressure glow discharge (APGD), and ions (such as Ar + and N + 2
etc.) are not presented in the afterglow zone. Considering all of these features, it is expected that this plasma jet is promising for homogenous polymer surface treatment without serious surface damage (caused by the bombardment of the ions). In particular, the effects of an additive gas (N 2 or O 2 ) on the HDPE surface treatment were investigated in detail. Using this Ar plasma jet, a hydrophilic HDPE surface was obtained by plasma treatment. It was found that polar O-containing functional groups are responsible for the hydrophilicity enhancement of HDPE. Compared to the pure Ar plasma treatment, a lower WCA value and a higher percentage of surface oxygen element were obtained when a trace of N 2 or O 2 gas was added into the Ar plasma jet. It was found that both the quantities of active species in plasma and the treatment temperature play important roles in the HDPE surface treatment. Surface molecular motion is quite active and not negligible when the treatment temperature is close to the melting point of the polymer. We supposed that a higher treatment temperature would lead to a deeper plasma-treated layer. This is because more surface functional groups diffuse into the bulk of the polymer at a higher treatment temperature. 
